SUMMARY
INTRODUCTION
where Q 0 is the value of Q e at a reference frequency, such as 1 Hz, and η is an exponent con-
90
trolling the degree of frequency-dependence. Atkinson (2012) and Mereu et al. (2013) which is likely to be a more reliable method of inference than the use of a κ 0 − V S30 correlation.
145
2 DATA
146
The majority of the data for this study come from GeoNet's New Zealand National Seismic Net- 
153
To supplement the network in the North Island, where the station spacing of the NZNSN was 154 deemed insufficient, eight stations from regional networks are also included in this study (shown 155 as squares in Figure 1 ). The NZNSN sites in this study comprise co-located continuous and strong-156 motion sensors, however for this study only data from the continuous broadband seismometers are stress parameter ∆σ, which may exhibit systematic regional differences as well as event-to-event 170 variability, this minimum magnitude requirement is considered sufficient for avoiding strong bi-
171
ases of f c on the calculated κ slope. The available data span a magnitude range from M w 2.5 to 172 M w 6.6. Only crustal events with depths less than 15 km are analysed in this study to ensure that 173 the wave propagation paths from all events are sampling similar portions of the seismogenic crust.
174
Additionally, source-to-site distances are limited to less than 150 km, so that path attenuation does 
METHOD

179
The Anderson & Hough (1984) method is adopted to calculate κ 0 (rather than other calculation 180 methods), where the high frequency slope of the acceleration spectra for recorded earthquake 181 data is empirically fit with the low-pass filter model in equation 1. The slope usually steepens as 182 distance from the source increases, and removal of the trend with distance yields a site-specific κ 0 .
183
This method was denoted by Ktenidou et al. (2014) , as κ 0,AS . This choice of method is to retain 184 consistency between how κ 0 is calculated and how it is intended to be applied, in empirical ground 185 motion modelling.
186
The details of the data processing are very similar to the method detailed in Van Houtte et al. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 f x is selected to always be lower than 40 Hz, although in some cases f x is limited by the SNR 196 criterion. A minimum value of f x − f e = 10 Hz is applied to obtain reasonably stable regression.
197
To identify narrow band site effects that may bias κ measurements, average HVSRs are calcu-198 lated at each station using multiple earthquakes. If high-frequency amplification was detected at 199 a given station, it was considered to violate the assumptions for calculating κ, and removed from 200 the dataset. An example κ calculation, for a recording with a relatively low κ value, is shown in 201 Figure 3 . To obtain a single horizontal κ value per recording, the horizontal component orientation 202 of the recording is rotated at 5
• increments through 180
• , and κ is calculated as detailed above for 203 each rotation increment. The mean κ value across all orientations is adopted as the κ value for that 204 particular recording. More details on this procedure can be found in Van Houtte et al. (2014) .
205
CONSIDERATION OF DISTANCE AND DIRECTION DEPENDENCE
206
Once κ values are calculated for all events recorded at a station, the site attenuation parameter, to the intrinsic Q for S-waves (Q S ) and V S structure along the horizontal wave-propagation path 210 from source to site, as shown in equation 3. For a medium with constant Q S and V S , κ will in-211 crease linearly with distance, and several previous studies adopt this simple form for the distance-212 dependence (e.g., Hough et al. 1988; Douglas et al. 2010; Van Houtte et al. 2011; Ktenidou et al. 213 2013). While many alternative forms forκ(r) have also been proposed to better represent the 214 geological structure in the region of interest, this study uses a constant Q S and V S model,
where R is the epicentral distance. A more complex form forκ(r) was considered, but was 216 limited by depth uncertainties for many recorded events, making it too difficult to reliably trace 217 the Q S structure being sampled by the ray paths. Therefore, a linear distance-dependence of κ is 218 adopted for simplicity and consistency . 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 For three stations in the Otago region of New Zealand, Figure 4 shows the locations of events 220 used to calculate κ, and plots the κ results against epicentral distance. If the κ data at each sta-221 tion are fitted using unconstrained linear least-squares regression (labelled as 'free Q' in Figure   222 4), the Q S values implied by theκ(r) slope range from 900-1600, assuming constant V S of 3.5 223 km/s. These Q S values can be compared to other Q values obtained in an independent study. The
224
3D South Island attenuation model of Eberhart-Phillips et al. (2008) calculates the frequency-225 independent Q structure for P-waves, Q P , in Otago. In the typical frequency bandwidth for κ cal-226 culations, 10-40 Hz, and a similar depth range to the data in this study, less than 10 km, Eberhart- (1993) show that Q P /Q S does depend on frequency, and can range between 0.5-2.5 for fre-232 quencies greater than 1 Hz. The variability in the ratio means that the absolute Q values are not 233 comparable, but qualitatively the relative Q S values from this study compare well with the general 234 regional trends of the Q P structure derived by Eberhart-Phillips et al. (2008) .
235
The κ 0 values in Otago inferred from the 'free Q' regression are also indicated in Figure 4 .
236
However, the station-specific κ 0 values may be sensitive to constraints associated with the linear 237 distance-dependence model (Edwards et al. 2015; Ktenidou et al. 2017) . With the assumption that 238 the ray paths sample similar underlying Q structure for all three Otago stations, their combined 239 κ data may be regressed together to calculate a better-constrained regionalκ(r). In this case, the 240 combined regression yields an 'average regional Q S ' of 1100. If the slope of the linear trend 241 is constrained at each station to fit this Q model (indicated in Figure 4 as 'fixed regional Q'), 242 the obtained κ 0 values may be different from those of the unconstrained, 'free Q' case. For the 243 example of the SYZ station, adopting either 'free Q' or 'fixed regional Q' distance-dependence 244 models causes changes in κ 0 that are nearly a factor of two, but for most stations the difference is 245 within a factor of two. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the crust, such as the three Otago stations in Figure 4 , the overall κ 0 is taken as the average between 248 a 'free Q' and 'fixed Q' distance model. This accounts for some of the epistemic uncertainty in 249 κ 0 due to the adopted distance-dependence model. In addition to the three Otago stations, the 250 following stations were also combined to calculate a regionally-fixed distance dependence: DCZ and PYZ, in Fiordland; 252 (ii) WEL and BHW, two stations at the southern tip of the North Island; and,
253
(iii) WAZ and VRZ, near the west coast of the North Island.
254
The other regions in New Zealand have insufficient spatial coverage of data and stations to al-255 low the computation of robust regionally-fixed Q models, and for stations in these regions, κ 0 is 256 calculated using only a 'free Q' linear-regression model.
257
To assist with identifying and interpreting strong Q contrasts that are affecting κ, the results uation characteristics, which are to be discussed in detail. There appears to be a strong regional 292 dependence of κ 0 , the variation of which is likely due to near-surface geology (i.e. depth less than 293 5 km) and the tectonic setting. Figure 9 shows the range of κ 0 values observed for each region that 294 is delineated in Figure 8 . These regions are addressed individually hereafter. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 suggests that either side of the high-Q P arc ranges, the forearc and volcanic fronts have very low 351 Q P values. This pattern has also been observed in subduction regions of Japan (Pei et al. 2009 The problem is initially formulated as follows. Each κ 0 observation is assumed to be a reali-372 sation of a random variable, which has a distribution that depends on the value of an underlying 373 spatially-continuous Gaussian process S(x) at the location x i , i.e.
where K 0,i is a vector of n observed κ 0 values, and i are normally distributed errors with mean of 0 and variance of τ 2 . S(x), known as the 'signal', has mean µ, variance σ 2 and a correlation 376 function ρ(u), where u is the distance between two locations x and x (Diggle & Ribeiro 2007).
377
The objective of this study is to provide a model for S(x) based on the New Zealand κ 0 data in 378 
In the case of a stationary Gaussian process, the semi-variogram can also be expressed as
A typical function for ρ(u) monotonically decreases as the distance u increases, hence γ(u) 387 usually monotonically increases with u. Semi-variograms tend to have the following features.
388
When u = 0, the intercept of the semi-variogram is τ 2 , which is known as the 'nugget variance', 389 or simply 'nugget'. Also, when ρ(u) = 0 (no correlation between observations beyond a given 390 distance), the semi-variance becomes τ 2 + σ 2 , called the 'sill'. The 'range' of the semi-variogram 391 is the distance at which γ(u) equals the sill. Figure 10 shows a schematic example of a semi- is undefined. It is typical to instead define a 'practical range' equal to 0.95 times the sill.
395
The solid line in Figure 11 is the empirical semi-variogram for the New Zealand κ 0 data, determined using equation 8, substituting the observations κ 0 and κ 0 in place of S(x) and S(x ).
397
The data are assumed to be log-normally distributed, as it was found that a logarithmic transform 398 of the samples brings the data much closer to Gaussian. Equation 7 is then rewritten as indicates that S(x) is likely to have a mean that depends on location, known as a trend surface,
408
which is a departure from a stationary Gaussian process.
409
Given that the spatially-varying mean is likely due to complex variation of crustal properties, Zone, F T V Z , such that the mean function is
This is because the trend surface allows stronger correlations between κ 0 from the TVZ sites and 420 nearby stations outside the volcanic arc. Before spatial prediction can occur, a model for the empirical data in Figure 11 must be developed.
423
A first step is to choose a parametric function for ρ(u) that best models the empirical κ 0 semi-424 variances. There are many different correlation functions that can be adopted to model different 425 types of spatial correlation behaviour. In this study, a widely-used family of correlation functions 426 is adopted, known as the Matérn (1960) family, which have the general form
K θ denotes a modified Bessel function with non-negative order θ, φ is a non-negative scale 
434
The Matérn parametric form is used to model the spatial correlation of the κ 0 data. Treating 435 the transformed spatial κ 0 data as Gaussian, the model can be written as
where K 0 = (κ 0,1 , . . . , κ 0,n ), Y is a matrix of covariates and β the corresponding matrix of 437 coefficients, B is an n by n correlation matrix, which in this case depends on the Matérn parameters 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
Maximising equation 14 gives the model parameters. However, the Matérn parameters θ and 440 φ tend to be strongly correlated, so a common, alternative method for parameter estimation is to 441 fix a discrete set of θ, then maximise equation 14 to determine β, τ 2 , σ 2 and φ (Diggle & Ribeiro 442 2007).
443
Using this method, Table 2 shows the maximum likelihood parameters for two candidate mod- 
455
The first point from Table 2 is that φ usually decreases as θ increases, illustrating the correlation 456 between the parameters. However, the most important effect of the θ parameter is to increase 457 the nugget variance τ 2 . The models with different θ values have similar log-likelihoods, which
458
indicates that τ 2 is not well-constrained by the data. The models with free τ 2 have higher log-459 likelihoods than the model with fixed τ 2 .
460
The best-fit theoretical semi-variograms are shown in Figure 13 . The best-fit models fit the 461 empirical semi-variances at small separation distances better than at large distances, which is ex- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 more complicated form of the θ = 1.5 and θ = 2.5 models is not well justified by the data, hence 465 the model with θ = 0.5 is preferred in this study.
466
Spatial prediction
467
The final step for developing a continuous site attenuation model is to predict the underlying signal 468 S(x) from the observed κ 0 realisations and the candidate covariance models. This study uses the 469 ordinary kriging algorithm, the theory behind which is well described in the statistical literature 470 and is only briefly repeated here. In short, ordinary kriging, involves minimising the mean square 471 prediction error
whereŜ(x) is the prediction of S(x) at an unobserved location. The form ofŜ(x) that min-
where µ is a vector of mean values of S(x), b is a vector of length n with values corresponding 475 to the correlation between the unobserved location and the n observed locations, and V = B +
476
(τ 2 /σ 2 )I. In ordinary kriging, µ is assumed to be unknown and is estimated by generalised least 477 squares, given by
The prediction variance is given by
Full derivations of these expressions are readily available in the literature.
479
As the models contain the F T V Z indicator variable, it is necessary to define the boundaries 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 based on its geological history, and their model for the 'whole TVZ' was preferred by Cousins ). This is the purpose of model 2 in Table 2 .
497
The fixed τ 2 value of 0.03 for model 5 is only an indicative value of the κ 0 uncertainty across 498 all stations. A limitation of this assumption is that some of the κ 0 data are better constrained than 499 others, as evidenced by the confidence intervals in Figures 5 and 6 . Ideally, a fixed vector of τ 2 with 500 each station's κ 0 uncertainty could be propagated into the maximum likelihood step. However, this 501 calculation is complicated by the assumption of two different distributions to derive the κ 0 map.
502
The station-specific κ 0 are derived by regression of κ data with distance on a linear scale, while a 503 lognormal distribution was assumed to derive the κ map. The combination of distributions prevents 504 an elegant determination of the spatially-varying nugget, hence the fixed nugget of 0.03 (± 50% 505 of the median value) is adopted for simplicity.
506
The choice of the preferred model is likely a personal preference, however we are inclined to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 is more representative of the data and its underlying uncertainty. Model 1 relies on spatially-dense 509 sampling of κ 0 to constrain the nugget, which are mostly unavailable in New Zealand.
510
For model 1, the predicted standard deviation on κ 0 is around 0.1 log 10 units, while for model 2 511 it is around 0.2 log 10 units. Note that this 0.2 is only slightly larger than the value that was initially 512 assumed for the uncertainty in the station-specific κ 0 values, which suggests that the uncertainty in 513 calculating κ 0 at a given station location is much larger than the uncertainty introduced by kriging.
514
An additional aspect of uncertainty in the κ 0 map comes from the small dataset. This un-515 certainty can be demonstrated using jackknife resampling, also known as leave-one-out cross-516 validation. Maps of the jackknife standard deviation for the κ 0 map can be found in Figure S1 of 517 the supplementary materials, although in general, the jackknife standard deviation is much smaller 518 than the prediction standard deviation shown in Figure 14 .
519
SUMMARY AND DISCUSSION
520
The overarching objective of this study is to provide the best available information on κ 0 in New
521
Zealand, to aid efforts to include it in empirical ground-motion prediction, and subsequently in 
527
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Details of supplementary material
The supplementary material provides the results of leave-one-out cross-validation. The results are presented using the jackknife standard deviation, for both model 1 and model 2, in Figure   S1 . The jackknife standard deviation is smaller for model 2 than model 1 and is more spatially homogeneous. For both models the jackknife variance is much smaller than the κ 0 prediction variance. Jackknife standard deviation, (log 10 (s)) Figure S1 . Jackknife standard deviation for Model 1 (a) and Model 2 (b).
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